The apposition of axon terminals and dendrites is critical for the control of neuronal activation, but how distinct neuronal subpopulations establish selective dendrite patterns and acquire specific presynaptic inputs remains unclear. Spinal motor neuron (MN) pools project to specific target muscles and are activated by selective synaptic inputs from group Ia proprioceptive afferents (IaPAs). Here, we show that MN pools with radially projecting dendrites respond to sensory stimulation with monosynaptic latency and are strikingly different from MN pools with dendrites that avoid the central gray matter, which are only activated through indirect connections. We provide genetic evidence that the induction of the ETS transcription factor Pea3 by GDNF is essential in two cervical MN pools to control dendrite patterning and selectivity of IaPA connectivity. These findings suggest that target-induced transcriptional programs control MN dendrite orientation and play a crucial role in the establishment of sensory-motor connections in the spinal cord.
INTRODUCTION
Precisely interconnected neuronal circuits represent the cellular basis ultimately responsible for the control of animal behavior. Neuronal circuits gradually arise during development when individual neurons become specified to find their synaptic partners (Clandinin and Zipursky, 2002; Jessell, 2000; Salie et al., 2005) . The close apposition of presynaptic axonal terminals and dendrites onto which synapses form is a crucial prerequisite for the precision with which neurons assemble into functional neuronal circuits (Wong and Ghosh, 2002) . One important aspect in the control of neuronal differentiation, therefore, is the acquisition of unique architectural attributes, which manifest themselves in the formation of neuronal subpopulation-specific axonal and dendritic processes. Much progress has been made recently in understanding how axonal processes choose the correct route toward their targets. Axons are guided toward their target regions through the combinatorial activities of cell type-specific expression of transcription factors and cell surface receptors that, in turn, enable axons to read localized extracellular guidance signals (Jessell, 2000; Salie et al., 2005; Yu and Bargmann, 2001 ). In contrast, much less is known about the mechanisms controlling the acquisition of dendritic architecture of distinct neuronal subpopulations (Jan and Jan, 2003) , despite the fact that, historically, dendritic diversity represents one of the most important distinguishing features used in vertebrates to define a particular neuronal type (Hausser et al., 2000; Mel, 1994) .
Dendritic morphology has fundamental consequences for neuronal function. Not only are dendritic branching patterns important for how synaptic inputs are integrated (Hausser et al., 2000; Rall, 1962) , but also the size and orientation of dendritic trees determine the number and type of potential presynaptic partners that can be sampled by a neuron (Wong and Ghosh, 2002) . Neocortical pyramidal neurons receive distinct presynaptic inputs to apical and basal dendrites, and this dendritic segregation is at least in part controlled by Sema3A signaling (Polleux et al., 2000) . Dendrite projection patterns can, however, also differ between functionally distinct subtypes of one neuronal class. The precision of selective ON or OFF responses of vertebrate retinal ganglion cells correlates with dendritic stratification in defined sublayers of the inner plexiform layer (Wong and Ghosh, 2002) , suggesting morphological segregation as a cellular mechanism to achieve selective connectivity. Nevertheless, the molecular mechanisms controlling dendritic segregation of functionally distinct subclasses of one neuronal type in the vertebrate CNS are only just beginning to be explored.
Spinal motor neurons (MNs) have taken center stage in the elucidation of genetic programs delineating distinct subpopulations during development as well as in functional and anatomical studies (Jessell, 2000; Shirasaki and Pfaff, 2002) . MN cell bodies projecting to specific skeletal muscles cluster into MN pools, and their positions are conserved between individual animals of one species (Landmesser, 1978; Romanes, 1951; Ryan et al., 1998) . MN pools receive a selective set of presynaptic inputs, the combinatorial activation of which predicts the coordinated and temporally appropriate activity of a particular MN pool during movement. In the spinal monosynaptic reflex circuit, inputs from group Ia (Ia) proprioceptive afferent (PA) dorsal root ganglion (DRG) sensory neurons to MNs have been particularly well studied. IaPAs respond to rapid changes in muscle stretch and convey this information centrally to MNs through mono-and polysynaptic connections (Brown, 1981; Eccles et al., 1957) . IaPAs make preferential connections with MN pools innervating the same muscle, whereas they avoid making direct synapses to MNs innervating functionally antagonistic muscles (Baldissera et al., 1981; Eccles et al., 1957; Frank et al., 1988; Mears and Frank, 1997) , raising the question of the mechanisms mediating this selectivity of connections. Extensive dendritic trees elaborated by MNs represent the targets for most presynaptic inputs (Brown, 1981; Mel, 1994; Rall et al., 1967) , but experiments in the frog suggest that the pattern of MN dendrites may not explain the observed difference in sensory-motor connectivity . Nevertheless, striking differences in the morphology of MN dendrites have been observed in several species (Landgraf et al., 2003; Okado et al., 1990; Szekely et al., 1980) . These studies have, however, not explored a potential link between dendrite orientation and connectivity.
MNs acquire several important aspects of their unique identities before their axons reach the target (Jessell, 2000; Shirasaki and Pfaff, 2002) . A combinatorial regulatory network of Hox transcription factors determines MN pool identity and coordinately controls the choice of a particular target muscle (Dasen et al., 2005) . Several members of the ETS transcription factor family are expressed in specific MN pools only after axons project to the periphery (Arber et al., 2000; Hippenmeyer et al., 2004; Lin et al., 1998; Livet et al., 2002) . The ETS transcription factor Pea3 marks several MN pools, and its expression is induced by the peripherally localized glial cell line-derived neurotrophic factor (GDNF) (Haase et al., 2002; Lin et al., 1998; Livet et al., 2002) . Consistent with the relatively late onset of Pea3 expression, Pea3 mutant mice are not affected in the establishment of the initial motor axonal projections but exhibit selective defects in MN pool clustering (Livet et al., 2002) . How these defects in MN pool clustering influence the functional integration of Pea3 + MN pools into spinal circuits has remained obscure. Using anatomical, physiological, and genetic strategies in the mouse, we addressed whether there is a link between MN dendrite orientation and connectivity and also examined transcriptional programs regulating these processes. We show that different MN pools in the cervical spinal cord establish highly selective dendrite patterns correlating with observed responses elicited by sensory stimulation. We found that the expression of the ETS transcription factor Pea3 in two cervical MN pools is essential to control dendritic patterning and sensory-motor connectivity. Our findings therefore suggest that the orientation of dendrites and the choice of presynaptic inputs to spinal MNs are tightly regulated by neuronal subpopulation-specific transcriptional programs.
RESULTS

MN Pools Exhibit Striking Differences in Dendrite Patterns
To study whether MN pools innervating distinct target muscles differ in their pattern of dendrites, we performed retrograde tracing experiments from identified muscles in neonatal mice at the forelimb level, by application of fluorescent dextran to isolated muscle nerves ( Figure 1A ). We first examined the cell body position of distinct MN pools. We found that MN cell bodies innervating the triceps brachii (Tri) muscle were positioned in a tight, dorsomedial cluster at cervical (C) level C7-C8 . MN cell bodies innervating the pectoralis major (Pec maj ) muscle were located at C6-C7 in a similar dorsoventral mediolateral position as Tri MNs ( Figures 1B, 1F , 1I, and 1J). At C7, where Tri and Pec maj MN pools overlap rostrocaudally over a short distance, Pec maj MN cell bodies were clustered medially to Tri MNs ( Figures 1B and 1F ). Cutaneous maximus (CM) and latissimus dorsi (LD) MN pools were clustered in a position ventral to Tri and Pec maj MN pools . The CM MN pool extended from C7 to anterior T1 in an extreme ventral position , consistent with previous observations (Baulac and Meininger, 1981; Livet et al., 2002) . LD MN cell bodies were also clustered ventrolaterally at C7, but in a position consistently dorsal to CM MNs . Finally, the cell bodies of MNs innervating the biceps brachii longus (Bic) muscle were found in a dorsolateral position at segmental levels C5-C6 ( Figures  1B, 1D , and 1E). At C6, where Bic and Pec maj MN pools overlap rostrocaudally, Bic MNs were located dorsolateral to Pec maj MNs ( Figures 1B, 1D , and 1E). Together, these findings delineate the cell body positions of five MN pools in the cervical spinal cord of the mouse and define the segmental level C7 with maximal rostrocaudal overlap between these MN pools as the focus for further analysis.
We next examined the dendrite patterns of cervical MN pools in relation to their specific cell body positions. Retrograde labeling of the Tri MN pool revealed a radial dendrite pattern with extensive invasion into the central gray matter of the ventral spinal cord (Figures 2A, 2C , 2F, 2H, and 2I). Similar to Tri MNs, Pec maj MNs exhibited a radial dendrite pattern, and at C7, dendrites between these two MN pools were highly intermingled ( Figures 2B, 2C , 2H, and 2I). In contrast, CM MN dendrites exhibited a pattern strikingly distinct from Tri and Pec maj MN pools. Most CM MN dendrites were clustered at the borders of the ventral horn displaying pronounced avoidance of the central gray matter territory ( Figures 2D, 2F , 2H, and 2I). Similar to CM MNs, very few dendrites of the LD MN pool extended into the central gray matter, and the majority of dendrites were confined to the lateral edges of the spinal cord ( Figures 2E, 2H , and 2I). We observed considerable overlap between the dendrites of CM and LD MNs, but the majority of Tri and Pec maj dendrites were separate from CM and LD MN dendrites ( Figures  2A-2F and Figure 6A -6D and 6I). Finally, Bic MNs extended the majority of their dendrites ventrally and dorsally, whereas the density of dendrites reaching into the ventral part of the central gray matter was much lower ( Figure 2G ).
Together, these findings show that, at caudal cervical levels, MN pools with a dorsomedial cell body position (Tri, Pec maj ) exhibit radial dendrite patterns invading the central gray matter extensively, but dendrites of MN pools with ventrolateral cell body position (CM, LD) are confined to the lateral edges of the spinal cord. These findings raise the question of whether MNs with different dendritic patterns represent synaptic targets for distinct classes of presynaptic sensory inputs.
Distinct MN Dendrite Patterns Correlate with Differences in Sensory-Evoked Responses
To begin to examine whether the observed variation in MN dendrite patterns between MN pools might be paralleled by differences in response to sensory stimulation, we used electrophysiological recording techniques. We first measured synaptic inputs to defined MNs by intracellular recordings elicited by stimulation of sensory afferents (SA) innervating the same muscle peripherally (homonymous inputs), since monosynaptic connections between homonymous pairs of IaPAs and MNs are known to form preferentially (Baldissera et al., 1981; Eccles et al., 1957; Frank et al., 1988; Mears and Frank, 1997) . Stimulation of Tri muscle nerves elicited an early-onset, short-latency response in Tri MNs in intracellular recording experiments (Figures 3C and 3F ; Table S1 ). We used two-step cluster and jitter analysis as two independent methods to define the percentage of Tri MNs responding to Tri SA stimulation with monosynaptic latency (Figures S1 and S3L and Supplemental Experimental Procedures [in the Supplemental Data available with this article online]). This definition resulted in a monosynaptic latency window of 2.8 ± 0.8 ms, consistent with previous studies in the mouse (Arber et al., 2000; Mears and Frank, 1997) . We found that 95% of all Tri MNs received monosynaptic sensory connections with a mean latency of 3.3 ± 0.2 ms (21 of 22; Figures 3F and 3G ). In contrast, when we recorded intracellularly from CM MNs, sensory stimulation of the CM muscle nerve evoked a response with a mean latency of 8.8 ± 1.9 ms in CM neurons (n = 13), clearly outside the window defined for monosynaptic inputs (Figures 3E and 3F; Figure S1A ). These findings, therefore, demonstrate that most Tri MNs receive direct synaptic input from Tri SAs, whereas CM MNs do not receive any direct connections from CM SAs.
MNs have been demonstrated to receive the strongest monosynaptic inputs from homonymous IaPAs (Baldissera et al., 1981; Eccles et al., 1957; Mears and Frank, 1997) . However, to determine whether CM MNs receive direct connections from IaPAs other than their own, we next stimulated individual DRs at C6-C8 ( Figure S2A ). Stimulation of DR SAs at C6-C8 elicited an early-onset, short-latency potential in Tri MNs (2.3 ± 0.1 ms; n = 5; Figure S2B ), but not in CM MNs (5.5 ± 0.6 ms; n = 11; Figure S2C ), demonstrating that SAs at C6-C8 form direct synaptic connections to Tri but not to CM MNs.
We next determined whether the variation in the onset of synaptic responses between Tri and CM MNs could be due to differences in the functionality or differentiation of IaPAs innervating these muscles. To determine peripheral conduction time, we stimulated Tri or CM muscle nerves and recorded the response at DR C7 but found no significant difference (Tri: 0.8 ± 0.1 ms; CM: 0.8 ± 0.1 ms; n R 2). We next determined the existence of PV + IaPA terminals innervating muscle spindles in the CM muscle. To visualize PV + IaPAs, we used a conditional genetic approach to express membrane-bound eGFP selectively in these DRG neurons (Arber et al., 2000; Hippenmeyer et al., 2005) and detected 35 ± 2.52 muscle spindles in CM muscles (Figures 4A and 4B; n = 3). We also found that intrafusal muscle fibers in CM muscles express the ETS transcription factor Er81 ( Figure 4C ) (Arber et al., 2000) . Finally, to determine whether CM IaPAs elaborate a characteristic central projection pattern, we performed transganglionic retrograde labeling experiments from the CM muscle by cutting C6-T1 ventral roots to avoid interference with CM MN-derived tracing signals. We found that both Tri and CM IaPAs terminated in the ventral horn in a pattern characteristic for IaPAs in a position close to MNs (Brown and Fyffe, 1978) (Figures 4G and 4H) , and CM IaPA terminals were marked by the vesicular glutamate transporter vGlut1 ( Figure 4J ), which is enriched in axonal terminals of DRG neurons of early postnatal mice (Oliveira et al., 2003) . Together, these findings suggest that the differences in onset latency observed in Tri and CM MNs in response to sensory stimulation can most likely not be explained by distinct IaPA properties.
We next examined whether other MN pools at the same segmental levels showed similar distinctions in response to SA stimulation. Stimulation of the Pec maj muscle nerve elicited a monosynaptic response in all Pec maj MNs (3.2 ± 0.1 ms; n = 3; Figures 3F and 3G; Table S1 ). In contrast, only one of six LD MNs showed monosynaptic responses to stimulation of the LD muscle nerve (Figures 3F and 3G ; Table S1 ). Moreover, we detected 15 ± 1.2 (n = 3) muscle spindles in LD muscles ( Figure 4D-4F ) and central trajectories of LD IaPAs extended into the ventral spinal cord ( Figure 4I ).
Together, these findings suggest that dendritic orientation of a MN pool correlates with the intracellular responses that can be elicited by sensory stimulation. Whereas MN pools with radially organized dendrites extending into the central gray matter receive pronounced monosynaptic input upon SA stimulation (Tri, Pec maj ), the sensory input to MN pools with dendrites not projecting into the central gray matter of the spinal cord is mainly mediated through di-and/or polysynaptic connections (CM, LD).
PAs Do Not Contribute to Selectivity of MN Dendrite Patterns
The observed correlation in the differences between distinct MN pool dendrite patterns and responses to sensory stimulation raised the possibility that IaPAs influence the establishment of dendritic projection patterns during development. We used a binary genetic approach in the mouse to selectively ablate PAs by Cre recombinase-mediated activation of diphtheria toxin A expression in PV Figures  S3B, S3C , S3E, and S3F).
How does the absence of PAs influence the establishment of MN pool-specific dendrite patterns? We found that Tri and Pec maj MN pool dendrites in the absence of PAs still exhibited a radial projection pattern with extensive invasion of the gray matter ( Figures S3I-S3K) , whereas CM and LD MN dendrites were still confined to the lateral edges of the spinal cord ( Figures S3G-S3I) . Moreover, to circumvent the possibility that ablation of PAs might be too slow in Isl2 DTA /PV Cre mice, we also confirmed these data by analysis of MN dendrite patterns in TrkC mutant mice at P0 in which PAs die at early developmental stages ( Figures S3M-S3O ) (Liebl et al., 1997) . Together, these findings suggest that the presence of PAs does not play a major role in the initial shaping of MN pool-specific dendrites but do not exclude later roles for PAs in dendrite growth and branching. The availability of mice lacking PAs also allowed us to examine the effect on MN activation in response to sensory stimulation under these experimental conditions. Recording intracellularly from Tri MNs of Isl2 DTA /PV Cre mice upon DR stimulation showed a pronounced shift in the onset latency of sensory-evoked potentials, outside the defined monosynaptic window (wild-type: 2.3 ± 0.1 ms; n = 5; Isl2 DTA /PV Cre : 5.1 ± 0.6 ms; n = 3; Figure S3L ). In contrast, elimination of PAs did not affect the onset latency detected in CM MNs in response to DR stimulation (wild-type: 5.5 ± 0.6 ms; n = 11; Isl2 n = 11; Figure S3L ). While these findings do not rule out the possibility that PAs normally do contribute to di-or polysynaptic connectivity to CM MNs, they clearly provide further evidence that PAs do not contact CM MNs monosynaptically.
Altered Dendrite Pattern in Pea3 Mutant CM and LD MN Pools
To examine the genetic programs involved in the regulation of MN pool-specific dendrite patterns, we next analyzed a mouse mutant in the ETS class transcription factor Pea3 (Livet et al., 2002) . At cervical levels, the expression of Pea3 in spinal MNs is restricted to a few MN pools, and Pea3 mutation results in selective defects in MN migration and settling within the LMC (Livet et al., 2002) . These findings allowed us to investigate the consequences of defects in MN cell body positioning on the establishment of MN pool-specific dendrite patterning and sensory-motor connectivity, both in Pea3 + and Pea3 À MN pools at C6-C8. We first assessed the molecular identity of the MN pools analyzed in this study by a combination of retrograde tracing experiments and immunocytochemistry. We found that Tri and Pect maj MNs did not express Pea3 and also did not express the LIM homeodomain transcription factor Isl1 ( Figures 5A, 5B , 5F, and 5G). In contrast, both CM and LD MNs expressed Pea3 ( Figures 5C and 5D ), as observed previously (Livet et al., 2002) , but only CM MNs coexpressed Isl1 (Figures 5H and 5I) . Bic MNs at C5-C6 were Isl1 + but Pea3 À ( Figures 5E, 5J , and 5N).
Since previous studies have not addressed the position of MNs in Pea3 mutant mice at the level of individual MN pools (Livet et al., 2002) , we next compared the cell body positions of MN pools between wild-type and Pea3 mutant mice. We found that CM MNs in Pea3 mutant mice were located in a dorsomedial position characteristic for Tri MNs in wild-type mice as previously shown (Livet et al., 2002) . In contrast, Tri MNs in Pea3 mutant mice took over the extreme ventrolateral position of wild-type CM MNs ( Figures 5O, 5T , 5S, and 5X). Pect maj MNs in Pea3 mutant mice were found to be completely segregated from Tri MNs in a position dorsal to Tri MNs but were intermingled with CM MNs (Figures 5Q-5S and 5V-5X). LD MNs in Pea3 mutant mice were intermingled with Tri MNs, in a position ventral to CM MNs ( Figures  5P, 5S , 5U, and 5X). Together with previous observations (Livet et al., 2002) , these findings provide evidence for selective mispositioning of MN pools in the caudal cervical spinal cord of Pea3 mutant mice, independent of whether these pools normally express Pea3.
Does the absence of Pea3 and the concomitant defects in cell body positioning in MNs affect the elaboration of MN dendrites? We first examined the dendrite pattern of CM and LD MN pools, which normally express Pea3. Pea3 mutant CM MNs showed a striking transformation in dendritic projections when compared to wild-type CM MN dendrites. Instead of avoiding the central gray matter, Pea3 mutant CM MN dendrites displayed a radial dendrite pattern highly reminiscent of the pattern normally observed for Tri MNs ( Figures 6A, 6E , 6L, 6M, and 6Q). Quantitative analysis of dendrite extension in the diagonal axis indeed revealed no significant difference between Pea3 mutant CM MN dendrites and wild-type Tri MNs, but highly significant differences between CM MNs in Pea3 mutants and wild-type mice ( Figure 6Q ). Moreover, Pea3 mutant LD MNs also projected dendrites into the central gray matter, overlapping extensively with the dendritic field of Pea3 mutant CM MNs ( Figures 6F, 6L , and 6Q). In contrast to the dramatic changes observed for CM and LD MNs, Tri MNs in Pea3 mutant mice whose cell Figure 2H ; *p % 0.05, **p % 0.01 and ***p % 0.001). Scale bar, 100 mm.
bodies took over the position normally characteristic for CM MNs did not display CM-like dendrite projections but instead still projected many dendrites into the central gray matter territory overlapping with dendrites of CM, LD, and Pec maj MNs ( Figures 6G, 6M , and 6Q). Finally, we did not observe any alterations in Bic MN dendrites in Pea3 mutant mice ( Figures 6K and 6N ). Taken together, these findings suggest that the expression of Pea3 in CM and LD MNs plays a major role in shaping MN pool-specific dendrite patterns. In contrast, our analysis of Tri MN dendrites in Pea3 mutant mice suggests that the position of MN pools in the ventral horn does not represent a primary determinant of the overall dendritic pattern. Previous experiments have demonstrated that GDNF is required for the induction of Pea3 expression in most CM MNs (Haase et al., 2002) , raising the question of whether GDNF also represents an upstream regulator in shaping MN dendrite patterns or whether this signaling pathway through Pea3 is obscured by other GDNF activities. To directly address this question, we analyzed CM dendrites in E17.5 GDNF mutant embryos circumventing neonatal lethality of these mice due to kidney defects (Haase et al., 2002; Moore et al., 1996) . In GDNF mutant embryos, CM MN dendrites extended into the central gray matter area, similar to the phenotype observed in Pea3 mutant mice ( Figures 6E and 6P ). These centrally projecting dendrites in GDNF mutant embryos were derived from CM MNs with a cell body position dorsal to Tri MNs. We also observed a fraction of CM MNs with a cell body position ventral to Tri MNs in GDNF mutants, most likely corresponding to MNs still expressing Pea3 (Haase et al., 2002) , and these MNs did not seem to be affected in their dendrite pattern (data not shown). In contrast, Tri MNs in GDNF mutant embryos still projected toward the central gray matter area (data not shown). Taken together, these findings support the idea that peripheral GDNF acts through the induction of Pea3 in CM but not Tri MNs to control the elaboration of a MN pool-specific dendrite pattern.
Pea3 Mutant CM MNs Show Specific Defects in Response to Sensory Stimulation
To examine whether the observed alterations in MN dendrite patterning in Pea3 mutant mice influence sensorymotor connectivity, we performed intracellular recordings of identified MNs. Since in Pea3 mutants CM MNs displayed dramatic alterations in dendrite trajectory, we first studied connectivity to Pea3 mutant CM MNs. We found that stimulation of DR SAs at C6-C8 elicited an early potential in Pea3 mutant CM MNs (2.0 ± 0.1 ms; n = 3; Figures 7B and 7C) , in contrast to the much longer latency observed for wild-type CM MNs (5.5 ± 0.6 ms; n = 11; Figures 7A and 7C) .
To address the selectivity of direct sensory inputs to CM MNs in Pea3 mutant mice, we stimulated specific peripheral muscle nerves. We first determined whether CM MNs in Pea3 mutant mice received monosynaptic connections from homonymous IaPAs. We found that stimulation of CM SAs in Pea3 mutants did not reveal the presence of any inputs of monosynaptic latency to CM MNs (n = 18; Figures 7D and 7E; Table S1 ). In contrast, stimulation of Tri SAs evoked a pronounced short-latency response in 94% of all Pea3 mutant CM MNs analyzed (2.9 ± 0.1 ms; n = 16; Figures 7F, 7G , 7H, and 7I; Figure S4A ; Table  S1 ). Latency and jitter analysis of CM MNs in response to Tri SA stimulation between wild-type and Pea3 mutants showed a clear shift from di-or polysynaptic to monosynaptic activation (wild-type: 6.1 ± 1.8 ms [n = 12]; Pea3 mutants: 2.8 ± 0.8 ms [n = 32]; Figure S4 ). Furthermore, the excitatory postsynaptic potential (EPSP) amplitude of this response in CM MNs was not significantly different from the response detected in Tri MNs of either wildtype or Pea3 mutant mice upon stimulation of Tri SAs ( Figure 7L ; Table S1 ). We confirmed these intracellular recording results by recording extracellular responses from CM muscle nerves upon stimulation of Tri SAs ( Figure 7M ).
Similar changes in sensory-motor connectivity were also examined when we recorded from Pea3 mutant LD MNs in which stimulation of Tri SAs induced a shortlatency response in 85% of Pea3 mutant LD MNs (2.7 ± 0.1 ms; n = 11; Table S1 ). In contrast, LD SAs did not make any direct connections to Pea3 mutant LD MNs (n = 13; Table S1 ). Together, these findings show that Pea3 mutant CM and LD MNs display extensive changes in sensory-motor connectivity and received monosynaptic inputs from SAs normally contacting MNs with similar dendrite patterns (Tri, Pec maj ).
Tri MNs in Pea3 Mutants Exhibit Subtle Changes in Connectivity
To examine whether the observed changes in connectivity in Pea3 mutant mice are primarily a consequence of changes in MN cell body position or can be attributed to the absence of Pea3 in CM and LD MNs, we next analyzed sensory connections to Pea3 mutant Tri MNs. In Pea3 mutant mice, Tri MNs undergo a pronounced ventrolateral shift in MN cell body position, but since these MNs normally do not express Pea3, they should not primarily be affected by cell-intrinsic Pea3 loss. We found that 75% of all Tri MNs analyzed in Pea3 mutant mice received short-latency inputs from Tri SAs (n = 44; 11 of 44 MNs did not receive monosynaptic inputs; Figures 7F and  7K ). In contrast, none of the Pea3 mutant Tri MNs received monosynaptic connections from CM SAs (Table S1 ). These findings suggest that the majority of Tri MNs in Pea3 mutant mice are still activated by sensory stimulation of Tri but not CM SAs, but that the reliability of functional Tri SA connections to Tri MNs in Pea3 mutant mice is reduced when compared to wild-type.
DISCUSSION
The appropriate temporal activation of individual MN pools depends on the distribution of presynaptic inputs on MN dendrites. IaPAs make highly selective connections to MNs, but whether and how MN specification contributes to the establishment of this selectivity is currently unknown. In this study, we provide evidence that the strategies used to excite MNs are strikingly different between individual MN pools and that this observed diversity in sensory-induced MN activation correlates with the elaboration of specific dendritic trees (Figure 8 ). Furthermore, our findings suggest that transcriptional programs induced by target-derived signals play an important role in the establishment of these MN pool-specific characteristics. We discuss the implications of our findings in the context of different cellular and molecular strategies used to elaborate distinct dendritic shapes and to acquire selective presynaptic inputs.
Dendrite Orientation as Strategy to Control Presynaptic Connectivity in MNs
MNs receive highly selective sensory inputs (Baldissera et al., 1981; Eccles et al., 1957; Frank et al., 1988) , raising the question of how matching between pre-and postsynaptic partners is achieved. The number of MN pools in a higher vertebrate lateral motor column is estimated at approximately 50 (Dasen et al., 2005; Landmesser, 1978; Romanes, 1951) , and this number is matched by an equal number of distinct IaPA populations growing into the spinal cord in search for postsynaptic partners. Even the existence of only a few distinct dendrite patterns could help to dramatically reduce the molecular complexity required to resolve selectivity of connections in this system. In support of such a model, we found that distinct MN pools in the wild-type mouse orient their dendrites to avoid or invade particular territories of the spinal cord, and we observe these orientations to correlate with connectivity patterns (Figure 8 ). Our data are also supported by a study in the rat lumbar spinal cord, where dendrites of functionally unidentified MNs have been described to exhibit different morphologies strikingly similar to the ones observed in our study (Szekely et al., 1980) . Nevertheless, IaPA-derived inputs only represent a minor fraction of all presynaptic inputs to MNs, and other classes of presynaptic inputs to MNs may therefore also be differentially distributed, correlating with MN dendrite patterns. For example, distinct classes of interneurons participating in central pattern generator circuits settle in highly specific positions (Goulding and Pfaff, 2005) and could therefore target MN dendrites differentially. Moreover, cutaneous afferents activating MNs through di-or polysynaptic pathways and supraspinal connections could also be influenced by differential positioning of MN dendrites.
From an evolutionary point of view, it is tempting to speculate that observed changes in MN dendrite patterning in different species could have contributed to the acquisition of altered muscle functions, through the acquisition of different presynaptic inputs contributing to altered activation patterns during locomotion. Nevertheless, dendritic orientation certainly does not represent the only parameter involved in the acquisition of presynaptic inputs. While the elaboration of CM and LD MN dendrites in Pea3 mutants correlates with the IaPA input normally observed for MNs with similar dendrite patterns, we cannot exclude the possibility that these MNs have acquired some molecular traits normally required to attract Tri SAs to make synaptic connections. Conclusive answers to these questions will await the identification and functional analysis of downstream genes regulated by Pea3 in MNs. Moreover, molecular distinctions between MN pools with similar dendrite patterns are clearly required to explain the complexity of selective sensory-motor connectivity. Tri and Pec maj MN pool dendrites both show radial dendrites in mice, yet Pec maj SAs contact their own MNs at a much higher frequency than Tri MNs. These findings are consistent with previous work in the frog spinal cord that concluded that MN dendrite orientation does not explain selectivity of sensorymotor connectivity for three MN pools including Tri and Pec MN pools . Together, these findings suggest that sensory-motor connectivity is likely to be controlled by a combination of MN dendrite arborization and selective recognition between IaPAs and MN pools.
Cellular and Molecular Pathways Regulating Specificity of Connectivity
The diversity in dendrite patterns and differences in sensory-motor connectivity observed for distinct MN pools raises the question of the cellular and molecular pathways controlling the emergence of these divergent properties. Ingrowth of afferents into the target region exhibits a pronounced influence on the elaboration of dendritic trees of postsynaptic neurons in several neuronal circuits. For example, the elaboration of cerebellar Purkinje cell dendrites depends on interactions with granule cell axons establishing synaptic connections through parallel fibers (Wong and Ghosh, 2002) . Surprisingly, we found that the ingrowth of IaPAs into the ventral horn of the spinal cord does not contribute to the process of initial shaping of MN pool-specific dendrite orientation. These findings do not, however, exclude a later role of these IaPAs in anatomical maturation of MNs, as has been suggested to occur during the first postnatal month (Kalb, 1994) .
We found that Pea3 expression plays a critical role in both the elaboration of CM and LD MN dendrites and the establishment of selective sensory inputs to these MNs. In chick embryos, coordinate expression of Pea3 in interconnected MN pools and PAs in the lumbar spinal cord was observed (Lin et al., 1998) , raising the question of whether the expression of Pea3 in DRG sensory neurons in the mouse might contribute to the observed phenotypes in Pea3 mutants. In the mouse, we found that the expression of Pea3 in DRG neurons at late embryonic stages was almost exclusively restricted to a subpopulation of TrkA + neurons, but not in TrkC + PAs, and expression was restricted to MNs within ventral spinal neurons (E.V. and S.A., unpublished data). While we cannot exclude an earlier role for Pea3 in PAs influencing selective sensory-motor connectivity at late embryonic stages, we favor a model in which Pea3 activity is required cellautonomously in expressing MNs and indirectly influences the migratory behavior of neighboring MNs such as Tri. Our findings also raise the question of whether altered MN cell body position in Pea3 mutant mice is the primary cause of the dendrite and connectivity defects observed in these mutants or whether an active role of Pea3 in the control of these latter events occurs. Indirect evidence for an active role of Pea3 in dendrite patterning and control of sensory input to MNs comes from the analysis of Tri MNs in Pea3 mutant mice. Tri MNs do not express Pea3, yet their cell body position in Pea3 mutant mice is altered to adopt the position of CM MNs observed in wild-type mice. The consequence of this change in cell body position for dendrite patterning and sensory-motor connectivity is much less dramatic than the one observed for CM and LD MN pools, and the majority of Tri MNs in Pea3 mutants still receive inputs from the appropriate SAs. However, we found that 25% of Tri MNs in Pea3 mutant mice do not receive monosynaptic input anymore from Tri SAs, raising the possibility that at the level of individual Tri MNs there might still be a causal link between the establishment of a particular dendrite pattern and observed sensory inputs.
The expression of Pea3 in defined MN pools of the cervical spinal cord is induced by GDNF (Haase et al., 2002) . Together with our current work, these findings suggest that peripheral signals represent key regulators in the control of MN dendrite patterning and regulation of selective sensory-motor connectivity in vertebrates, the latter of which has already been suggested by a series of embryological studies (Frank and Wenner, 1993; Wenner and Frank, 1995) . In support, we also observed alterations in MN dendrite patterning of CM MNs in GDNF mutant mice, which were reminiscent of the changes detected in Pea3 mutants. A similar mechanism of retrograde modulation of dendritic geometry by target-derived signals has been proposed to occur in the developing chick embryo, where neurons of the isthmo-optic nucleus are dependent on the presence of the retina to acquire a polarized dendritic morphology (Blaser et al., 1990) . In a more general context, our findings therefore raise the possibility that target-derived signals may represent a powerful way to retrogradely regulate the elaboration of neuronal subpopulation-specific dendritic trees and the assembly of selective presynaptic inputs.
How does the function of Pea3 link to other programs of MN specification and differentiation? Recent work has provided strong evidence that a regulatory network of Hox transcription factors acts to coordinately control acquisition of MN pool identity and target muscle innervation (Dasen et al., 2005) . This work has also demonstrated that the pool-specific pattern of Pea3 expression is determined by a combinatorial Hox transcription factor code (Dasen et al., 2005) . Together, these findings suggest that the appropriate combination of Hox transcription factors endows MNs with the competence to respond to peripheral signals by induction of Pea3. Consistent with the idea of a permissive peripheral signal acting on predetermined MNs, in vitro spinal cord explant experiments showed that GDNF induces Pea3 expression in many fewer MNs than express GDNF receptors (Haase et al., 2002) . Taken together with our current results, such a signaling pathway would then act to trigger MN dendrite orientation and acquisition of appropriate IaPA inputs. The induction of Pea3 through GDNF therefore links early transcriptional programs in the spinal cord to the initiation of late events required for fine-tuning of neuronal circuit formation and function.
EXPERIMENTAL PROCEDURES
Mouse Genetics and Immunocytochemistry
Pea3
+/À (Livet et al., 2002) , Tau mGFP-INLA (Hippenmeyer et al., 2005) ,
PV
Cre (Hippenmeyer et al., 2005) , Isl2 DTA (Yang et al., 2001 ), Er81 nLacZ (Arber et al., 2000) , TrkC +/À (Liebl et al., 1997) , and GDNF +/À (Haase et al., 2002 ) mouse strains have been described previously. Sections for immunohistochemistry were essentially processed as described (Arber et al., 2000) , and quantification of dendrites was performed using Image J 1.35f Software (NIH). Details are described in the Supplemental Data.
Electrophysiology and Retrograde Tracing Experiments
Spinal cords were dissected essentially as previously described (Mears and Frank, 1997) . Tracing experiments were performed by application of fluorescently labeled dextrans (3000MW, Invitrogen) to peripheral nerves using tightly fitting glass capillaries. For intracellular recordings, sharp glass micropipettes (resistance: 70-120 MU) were used to record 20 sequential traces (Axoclamp2B, Axon Instruments) (Mears and Frank, 1997) . For recording of extracellular potentials, tightly fitting glass suction electrodes were placed either on the DR or peripheral muscle nerve as described (Arber et al., 2000) . All collected traces were analyzed with custom routines written in Matlab (Version 7.0.1.). Monosynaptic latency window was determined by performing a TwoStep Cluster analysis (SPSS 13.0 for Windows) and jitter analysis. Details on tracing experiments, recordings, and analysis are described in the Supplemental Data.
Supplemental Data
The Supplemental Data include Supplemental Experimental Procedures, four supplemental figures, and one supplemental table and can be found with this article online at http://www.cell.com/cgi/ content/full/127/7/1439/DC1/.
